Aims/hypothesis Infection of diabetic foot ulcers is common; at early stages it is difficult to differentiate between non-infected ulcers (or those colonised with normal flora) and ulcers infected with virulent bacteria that lead to deterioration. This pilot study aimed to assess the diagnostic accuracy of inflammatory markers as an aid to making this distinction.
Introduction
Foot ulcers are common in diabetic patients, with 15 to 25% estimated to experience such an ulcer during their lifetime [1] . These ulcers frequently become infected and the spread of infections to soft tissue and eventually to bone structures is a major causal factor for lower-limb amputation [2] [3] [4] [5] . Early diagnosis and adequate treatment are therefore essential to prevent amputation. As all skin wounds harbour microorganisms, some physicians advocate a prophylactic antibiotic therapy for treatment of clinically uninfected ulcers in order to eradicate potential pathogens [6] . This, however, kills commensal flora and may impair healing as well as possibly leading to a real infection. However, as emphasised by the Infectious Diseases Society of America (IDSA), available evidence does not support such a concept [7] . In 2004, both the IDSA and the International Working Group on the Diabetic Foot (IWGDF) published a system for grading infection severity [7, 8] , the clinical benefit of which was recently established [9] . Both working groups emphasised that diagnosis of infection must be based not on microbiological findings but on clinical criteria. Failure to follow these recommendations results in unnecessary antimicrobial treatment, leading to emergence of multidrug-resistant bacterial strains, increasing costs and possibly causing drug-related adverse events [7] . It is therefore of paramount importance to assess strategies for differentiating non-infected from infected wounds at an early stage.
Biochemical parameters such as sedimentation rate, leucocytosis and circulating inflammatory proteins are reputed to be of poor value for diagnosing diabetic foot infections, as even in the most severe cases there are few systemic manifestations [10, 11] . Procalcitonin, a 116 amino acid protein precursor of the hormone calcitonin, has recently gained acceptance as a marker for diagnosing infection [12] [13] [14] [15] . Some authors claim that its accuracy as a predictor of bacterial infection is higher than that of C-reactive protein (CRP) [12] .
The aim of the present pilot study was to evaluate the usual biological inflammatory parameters (notably CRP and procalcitonin) to determine if any are able to differentiate between infected and non-infected diabetic foot ulcers. Figure 1 gives an overview of the study design. The study was approved by the ethics committee of Caremeau University Hospital and was carried out in accordance with the Declaration of Helsinki as revised in 2000. Between 1 October 2005 and 31 December 2006, we prospectively recruited all diabetic patients hospitalised for diabetic foot ulcers in our specialised diabetic foot department at the University Hospital in Nimes. Informed consent was obtained. Patients were included if they had received no antimicrobial treatment in the preceding 6 months. Every patient was examined by a trained physician in our department (J.-L. Richard, N. Jourdan) to grade infection severity according to the IDSA-IWGDF criteria (summarised in the Text box: IDSA-IWGDF clinical classification of diabetic foot infection [8] ). All wounds were evaluated for any evidence of osteomyelitis by clinical examination, probe-to-bone test [16] and, if necessary, by imaging procedures. At the end of the examination, wounds were considered either non-infected (grade 1) or infected (grade ≥2). Only clinically infected wounds were treated with antibiotics. Patients were followed up for 1 month by the same trained physicians to definitively establish the wound status (infected vs non-infected) using the IDSA-IWGDF clinical criteria. In the event of secondary occurrence of clinical infection, the wound was definitively classified as infected for statistical analysis.
Methods

Study design
Control participants (n=102) were diabetic patients who had been admitted to hospital for diabetes-related medical problems, but were free from foot wounds and known systemic illnesses that might cause elevation of inflammatory markers. Control participants were matched for age, sex, type of diabetes and complications of diabetes, after informed consent was obtained. None of the control persons was currently being treated with antibiotics.
Biological parameters At inclusion in the study, white blood cell and neutrophil counts, as well as serum concentration of orosomucoid, haptoglobin, albumin, CRP and procalcitonin were determined from a venous sample withdrawn before eventual initiation of antimicrobial treatment (for grade ≥2). Blood samples were centrifuged (4,500 g) within 30 min of collection. Orosomucoid, haptoglobin, albumin and CRP levels were measured by rate immuno-nephelometry method using an analyser (BN II; Dade Behring, Marburg, Germany). For CRP levels lower than 6 mg/l, the high-sensitivity CRP assay was used. For procalcitonin, 0.2 ml of venous plasma was stored at −80°C for later analysis as a batch to minimise variance. The time-resolved amplified cryptate emission (TRACE) method was used on a Kryptor analyser (BRAHMS Diagnostica, Berlin, Germany). The sensitivity of the functional assay is reported to be 0.04 ng/ml with intra-assay and inter-assay coefficients of variation lower than 5% and 10%, respectively [17] . White blood cell and differential counts were performed on a haematology analyser (Coulter GEN-S; Beckman Coulter, Fullerton, CA, USA). To minimise bias, laboratory technicians were kept blind to the clinical data and clinicians were unaware of the biochemical results until they had decided whether to initiate antibiotic treatment.
Statistical analysis For a pilot study, an AUC for the receiver operating characteristic (ROC) curve (AUC ROC ) of 0.9, with a precision of 0.1, was considered as adequate, requiring inclusion of 40 patients with diabetic foot ulcers according to Zhou's formula [18] , with patients divided roughly equally into grade 1 and 2.
Biochemical parameters are given as the median and the range, and compared using a Kruskal-Wallis test. As the aim of our study was to assess value of inflammatory markers in distinguishing grade 1 from grade 2 ulcers, we focused the statistical analyses on these two grades. Data for other grades are given for information. For each single biological marker, an ROC curve was drawn and the AUC ROC calculated by the non-parametric Hanley's method [19] . To assess the use of combining several biological markers, we used a logistic regression with a backward procedure to select the most relevant markers; only markers for which AUC ROC was greater than 0.80 were initially entered as explanatory variables in the regression analysis. A ROC curve was then generated for the combination derived from the regression model and its area compared with that of every single biological marker by a non-parametric method adapted to paired data [20] . For each ROC curve (single or combined markers), the optimal cut-off value was determined by minimising the number of misclassified ulcers (number of false positives + number of false negatives) and sensitivity, specificity and predictive (negative and positive) value were calculated. Statistical tests results were considered significant at p<0.05. Statistical analysis was performed using a software package (S-Plus 2000; Insightful Corporation, Seattle, WA, USA).
Results
Patient and foot characteristics General patient characteristics were similar in the two studied populations (Table 1) . Of 153 patients with diabetic foot ulcers, 93 were included in the study, whereas 60 were excluded because they had received antibiotics in the preceding 6 months. Twentythree wounds (24.7%) were classified as grade 1, 22 ulcers as grade 2 (23.7%), 41 as grade 3 (44.1%) and seven as grade 4 (7.5%). Baseline results Comparisons between groups are shown on Table 2 . No significant difference between patients with grade 1 ulcers and control persons was found for each marker. All markers were significantly higher in grade 2 ulcers than in participants with grade 1 ulcers and in control persons, with the exception of white blood cells. Of note are the twofold increase in procalcitonin and the fourfold increase in CRP level in grade 2 ulcer patients compared with grade 1.
Statistical analysis AUC ROC for distinguishing grade 1 from grade 2 ulcers was greater than 0.800 for all of the biochemical inflammatory markers except albumin (Table 2) . On the other hand, AUC ROC for haematological parameters was consistently low. According to AUC ROC , CRP was the most informative single parameter ( Fig. 2) : for a cut-off value of 17 mg/l, sensitivity was 0.727 (SD 0.099), specificity 1.000 (SD 0.043), positive predictive value 1.000 (SD 0.052) and negative predictive value 0.793 (SD 0.079). From the logistic model with backward procedure, combining CRP and procalcitonin provided the most relevant formula for distinguishing between grade 1 and grade 2 ulcers. AUC ROC for combination of CRP and procalcitonin (0.947± 0.029) was significantly greater than that of CRP or procalcitonin alone (p<0.05) (Fig. 3) . The resulting equation (likelihood score for infection) for combining these two parameters was (0.162×CRP mg/l) + (17.437×procalcitonin ng/l). For an optimal cut-off value of 4, sensitivity was 0.909 (SD 0.061), specificity 0.826 (SD 0.079), positive predictive value 0.833 (SD 0.079), negative predictive value 0.905 (SD 0.064), and false-positive (n=4) and false negative (n=2) rates 8.9 and 4.4%, respectively. The Youden index was 0.73 and the positive likelihood ratio 5.2.
Using the formula, six patients were found to have been misclassified: at follow-up, the four grade 1 ulcers with a score greater than 4 healed without antibiotic treatment and the two grade 2 ulcers whose score was lower than 4 healed with appropriate antibiotic treatment. Interestingly, no ulcer classified as grade 1 deteriorated as a result of not being treated-all were reported to have healed. Values are given as mean (range) or n (%) There were no statistically significant differences (p>0.05) between the group of patients with foot ulcers and the controls for any parameter Table 2 Circulating levels of biochemical markers in the studied population 
Discussion
To our knowledge, our study is the first aiming to determine the value of CRP, procalcitonin and other usual biological inflammatory markers in differentiating infected from noninfected ulcers in early stages of diabetic foot ulcer. Indeed, this study showed that CRP as a single marker had the highest sensitivity and specificity. It was interesting to note that the use of a high-sensitivity CRP assay brought no additional accuracy of diagnosis. Moreover, these blood test results and the follow-up of patients (particularly grade 1 ulcers) could help validate the clinical grading system proposed by the IDSA-IWGDF. Our study suggests that addition of two markers might increase the clinical value of this classification, notably for distinguishing grade 1 from grade 2 ulcers, resulting in better management of diabetic foot ulcers. The higher performance of CRP in detecting infection, compared with procalcitonin, may be explained by the mild nature of infection in grade 2 diabetic foot ulcers. Indeed, procalcitonin is not a marker of infection as such, since local infection without systemic manifestations results only in a limited increase in procalcitonin levels [21] . On the other hand, CRP values have been shown to significantly increase in response to local infection [21] . AUC ROC for orosomucoid and haptoglobin was >0.8, but their accuracy was lower than that of both procalcitonin and CRP (data not shown).
In presence of grade 1 ulcers, the values of the biological markers we measured remained normal. Moreover, white blood cells and neutrophil counts were shown to be of little value in diagnosing mild infection in diabetic foot ulcers, as there was no significant difference between grade 2 and grade 1 ulcer patients or the control group: this poor informative potential of haematological parameters confirms the findings of previous studies [10, 11] .
The main finding of this prospective study was that combining measurements of CRP and procalcitonin increased the accuracy of predicting wound infection. The simple formula we developed might help clinicians in everyday practice, contributing to earlier diagnosis and possibly reducing exposure to unnecessary antibiotics. Interestingly, the follow-up of patients indicated that this formula was predictive of wound outcome in grade 2 ulcers, since ulcers in all patients with a low score (<4) healed faster than the other ulcers. This observation suggests that a false negative score in the grade 2 ulcer classification would be of little consequence for the patient.
From an immunological point of view, increased CRP and probably procalcitonin concentrations are a hallmark of TNF-α-, IL-6-and IL-1-mediated immune response. It means that the presence of bacteria was rated as a threat by the immune system, inducing as a consequence a biological response, which is a fair indication for the clinician.
This study has several limitations. First, diagnosis of infection was based only on clinical examination and many of the characteristic signs of inflammation (i.e. pain, redness, swelling or warmth) are difficult to assess objectively. Moreover, these signs are often diminished in diabetic foot ulcers because of the presence of neuropathy and/or peripheral arterial disease [22] . Second, no attempt to quantify bacterial load was made. Indeed, measurement of bacterial burden has been proposed as an objective means to diagnose wound infection, with a critical level of bacteria ≥ 10 4 to 10 6 colonyforming units per g of tissue [23] . Using this criterion, it was suggested that clinical assessment of chronic wound infection is unreliable [24] . Moreover, recently an inverse relationship between wound healing rate and bacterial load in wound fluid was proposed to identify diabetic patients with foot ulcers requiring antibiotherapy in borderline cases [25] . Quantitative biopsy is time-and cost-consuming, requires a specialised technician, is not standardised and causes an (unnecessary) trauma [26, 27] . Moreover, the use of measuring bacterial load is further compromised by polymicrobial flora in diabetic foot ulcers and variable virulence of the different microorganisms [27, 28] . Finally, as we excluded patients with systemic diseases that might increase serum inflammatory markers, it is likely that the performance of CRP and procalcitonin in predicting wound infection would be lower under routine care conditions than in the present analysis. Therefore, the results of our pilot study need validation through further studies in different settings by other investigators (external validation), before randomised controlled trials are carried out to assess the efficacy and cost-effectiveness of a treatment based on the results of serum CRP and procalcitonin measurement.
In conclusion, the measurement of both CRP and procalcitonin may be an interesting tool in diabetic foot ulcer management. Assays for determining CRP and procalcitonin are relatively easy to perform and cause low-to-moderate cost (CRP ∼US$5, procalcitonin ∼US$10) with rapidly available results. Combining procalcitonin and CRP values, together with the use of a simple diagram, may allow the early distinction between grade 1 and 2 diabetic foot ulcers, so that antibiotic treatment is prescribed to those most likely to receive a benefit.
